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Compact binary coalescences, such as binary neutron stars or black holes, are among the most
promising candidate sources for the current and future terrestrial gravitational-wave detectors.
While such sources are best searched using matched template techniques and chirp template banks,
integrating chirp signals from binaries over the entire Universe also leads to a gravitational-wave
background (GWB). In this paper we systematically scan the parameter space for the binary coa-
lescence GWB models, taking into account uncertainties in the star formation rate and in the delay
time between the formation and coalescence of the binary, and we compare the computed GWB
to the sensitivities of the second and third generation gravitational-wave detector networks. We
find that second generation detectors are likely to detect the binary coalescence GWB, while the
third generation detectors will probe most of the available parameter space. The binary coalescence
GWB will, in fact, be a foreground for the third-generation detectors, potentially masking the GWB
background due to cosmological sources. Accessing the cosmological GWB with third generation
detectors will therefore require identification and subtraction of all inspiral signals from all binaries
in the detectors’ frequency band.
PACS numbers:
1. INTRODUCTION
The ground-based gravitational-wave detectors are
rapidly increasing their sensitivities. The first genera-
tion detectors LIGO [1, 2] and Virgo [3, 4] have reached
their design sensitivities and collected excellent data over
several years of exposure. The second generation detec-
tors, Advanced LIGO [5, 6], Advanced Virgo [7], GEO-
HF [8], and LCGT [9, 10] are currently being built and
commissioned. With 10 times better strain sensitivity,
these detectors are expected to yield first direct detec-
tions of gravitational-wave signals, and their first data is
expected as early as 2014. Furthermore, there are already
efforts under way to design the third-generation gravita-
tional wave detectors, with another factor of 10 improve-
ment in sensitivity. This includes the Einstein Telescope
project [11, 12], for which the design study was recently
completed. These detectors are expected to open a new
era in astronomy and astrophysics, providing new ob-
servations of various events and objects in the Universe,
complementary to the standard electromagnetic observa-
tions.
Among the many sources of gravitational waves, the
coalescences of binary systems, such as binary neutron
stars (BNS), binary black holes (BBH), or a black hole
and a neutron star (BHNS) stand out as the most likely
candidates for first detections. These systems gener-
ate well understood ”chirp” gravitational-wave signals,
which have been computed using post-Newtonian ap-
proximation [13] or numerical relativity simulations [14].
One can then search for the chirp signals using matched
template techniques - indeed a number of such searches
have been performed using LIGO and Virgo data [15–17].
It has also been argued that adding the gravitational-
wave signals from all binaries in the Universe will produce
a gravitational-wave background (GWB) - for example,
see [18–24] for the most recent studies in the context
of terrestrial detectors. The LIGO and Virgo collabora-
tions have developed techniques for searching for GWB
by cross-correlating data from pairs of gravitational wave
detectors [25]. Such searches have also been performed
using LIGO and Virgo data [26–28], and have produced
competitive upper limits on the energy density carried
by gravitational waves.
The goal of this paper is to perform a detailed study
of the accessibility of the GWB produced by the bi-
nary coalescences to the second and third generation
gravitational-wave detectors. Our study follows the work
of Regimbau and Mandic [19], and includes detailed scans
of the parameter space in these models, as well as possible
effects due to the uncertainty in the star formation rate
and in time-delays associated with the formation of the
binaries. We will show that this background is likely to
be observed by the network of second generation detec-
tors, and that the third-generation detectors will likely
be able to explore most of the parameter space for these
models. In Section 2 we summarize the calculation of the
energy density for these models. In Section 3 we present
results of our systematic study, and we include conclud-
ing remarks in Section 4.
2. CALCULATION OF THE ENERGY
SPECTRUM
The energy spectrum of gravitational waves is usually
described by the dimensionless parameter:
Ωgw(f) =
f
ρc
dρGW(f)
df
(1)
where f is frequency, dρGW/df is the energy density in
the frequency range [f, f+df ] and ρc is the critical energy
density needed to close the Universe:
ρc =
3H20c
2
8piG
. (2)
where H0 and G are the Hubble parameter and Newton’s
constant respectively and c is the speed of light.
The energy spectrum for the case of binary coales-
cences can be written as follows (see for instance [19, 21–
23], we will follow [19] in our approach):
ΩGW(f) =
1
ρcc
fF (f) (3)
where the integrated flux (per unit frequency) is defined
as:
F (f) =
∫
Rz(z)
1
4pid2L(z)
dEGW(f)
df
dz (4)
where Rz(z) is the rate of gravitational-wave sources per
interval of redshift z as observed in the detector (Earth)
frame, dL(z) = (1 + z)r(z) is the luminosity distance,
r(z) is the proper distance, and dEGWdf is the gravitational
spectral energy emitted by a single source and observed
in detector frame. The rate in Eq. 4 is given by:
Rz(z) = λRV (z)
dV (z)
dz
(5)
where λ is the mass fraction converted into progenitors
(discussed in more detail below), RV (z) is the observed
rate of binary coalescences (in units of mass per unit
comoving volume per time), and
dV (z)
dz
=
4pic
H0
r2(z)
E(ΩM,ΩΛ, z)
(6)
with E(ΩM,ΩΛ, z) =
√
ΩM(1 + z)3 +ΩΛ capturing the
dependence of the comoving volume on redshift. We use
the standard ΛCDM cosmology, with ΩM = 0.3, ΩΛ =
0.7, and Hubble parameter H0 = 70 km s
−1 Mpc−1. The
rate RV (z) is dependent on both the star formation rate
and on the time-delay td between the formation of the
binary system and the actual coalescence, and can be
written in the following form:
RV (z) =
∫
1
1 + zf
R∗(tc(z)− td)P (td)dtd (7)
where R∗ is the star formation rate (discussed further
below), tc(z) is the cosmic time corresponding to redshift
z, and zf is the redshift at the formation time tc(z)− td.
The factor (1 + zf ) in the denominator corrects for the
time dilation due to the cosmic expansion and converts
the rate from the source frame into the detector frame.
Population synthesis [29, 30] suggests that the prob-
ability distribution for the delay time is well described
by P (td) ∼ t
α
d for td > tmin, where tmin is the minimum
delay time for a massive binary to evolve until coales-
cence. While the currently preferred parameter values
are α = −1 and tmin = 20 Myr for BNS and 100 Myr for
BBH, other values cannot be excluded. Following [31],
we will investigate the following ranges for these param-
eters: α = −0.5,−1,−1.5, tmin = 20, 100 Myr for BNS,
and tmin = 100, 500 Myr for BBH. We will also examine
the case where time delay is ignored, td = 0. The star
formation rate R∗ has also been investigated by several
authors [32–36], for a recent review see [21, 37]. We will
investigate dependence of our results on the choice of the
star-formation rate.
The scaling factor λ (in units of M−1⊙ ) is a parameter
which includes three different effects: for BNS, these are
the mass fraction of neutron star progenitors, the fraction
of massive binaries formed among all stars, and the frac-
tion of binaries that remain bounded after the second su-
pernova event (and similarly for the BBH and BHNS). All
of these factors are associated with significant uncertain-
ties, which is why we will treat λ as a free parameter of
the model in our study. We note, however, that λRV (0)
represents the local (present) rate of binary coalescences.
These local rates have been a subject of multiple stud-
ies, as they directly impact the number of individual bi-
nary coalescences that could be detected by the second-
generation gravitational-wave detectors. A recent study
by the LIGO Scientific Collaboration has produced pes-
simistic, realistic, optimistic, and maximal possible esti-
mates for these rates [38], based on the observed galactic
binary pulsars and on the population-synthesis models.
We will compare the results of our study to these rates
estimates.
The final factor appearing in the Equation 4 is
dEGW/df , the gravitational spectral energy from a sin-
gle source. For the BNS and BHNS models, we will only
include the inspiral part of the gravitational-wave signal.
In the quadrupolar approximation, and assuming circu-
lar orbit, the observed spectral GW energy, averaged over
orientation, from a binary system at redshift z is given
by a rather simple form:
dEGW
df
=
(Gpi)2/3
3
(Mzc )
5/3f−1/3 (8)
where Mzc = (1 + z)Mc is the observed redshifted chirp
mass of the binary system and Mc is the physical mass.
We will assume the following ranges for Mc: 1-2.5 M⊙
for BNS, 2.5-10 M⊙ for the BHNS, and 2.5-20 M⊙ for
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the BBH models. These mass ranges are based on [30],
allowing for uncertainties in possible neutron star and
black hole masses. For the BBH case, however, we will
follow [23, 24] and use the more complex functional form
derived by [24], which includes the inspiral, merger, and
ringdown contributions to the gravitational-wave signal.
The upper limit on the integral range in Eq. 4 depends
on both the emission frequency range, fmin − fmax, in
the source frame, and on the maximum redshift zmax
considered for the star formation history calculation:
zsup(f) =
{
zmax if f <
fmax
(1+zmax)
fmax
f − 1 otherwise
(9)
Combining the expressions above, we obtain for the
density parameter:
Ωgw(f) =
8λ(piGMc)
5/3
9H30c
2
f2/3
∫ zsup
zinf
RV (z)dz
(1 + z)1/3E(ΩM,ΩΛ, z)
(10)
Unless noted otherwise, we set zinf = 0 in our calculation.
We emphasize, however, that the GWB computed here
is not necessarily continuous in time, as already noted in
[22, 24, 37, 39]. To illustrate this we compute a duty
cycle parameter, defined as
dΛ
df
=
∫ zsup
0
Rz(z)
dτ(z)
df
dz (11)
where dτ(z)/df represents the time a binary spends in
the frequency band [f, f + df ] after properly accounting
for redshift:
dτ
df
=
5c5
96pi8/3G5/3
(Mzc )
−5/3f−11/3. (12)
The quantity dΛ/df then captures the number of bina-
ries generating gravitational-wave signals in a 1 Hz bin
as observed by a detector on Earth (it can be compared
to the overlap function of [22], which is the number of
sources present on average in a frequency bin ∆f around
the frequency f). This quantity is plotted in Figure 1
for three different types of binaries and for different val-
ues of zsup. Note that integrating the BNS, zsup = 6
curve over the Advanced LIGO frequency band (roughly
10-200 Hz) yields Λ ∼ 10 - in other words, in any 0.1
sec long time-segment (corresponding to the lowest ob-
servable frequency of 10 Hz) there will be on average 10
binary neutron star systems emitting in the 10-200 Hz
band. The duty cycle is somewhat lower for the BBH
and BHNS cases.
Figure 1 also shows that most of the contributing bi-
naries reside at redshifts z > 0.1. The nearest bina-
ries are expected to produce loud chirp-like signals that
could be individually detected by the upcoming detec-
tors. However, such loud transients are typically explic-
itly excluded from the searches for GWB [25–28]. We
have verified that the nearest (and loudest) binaries con-
tribute little to Ωgw: Figure 2 shows the gravitational-
wave spectrum Ωgw(f) computed for the BNS case with
Mc = 1.22M⊙, λ = 3 × 10
−5M−1⊙ , star formation rate
from [32], and P (td) ∼ t
−1
d with tmin = 20 Myr. Ex-
cluding the nearest binaries (e.g. those with redshifts
z < 0.1) leads to a small (< 2×) reduction in the spec-
trum amplitude. We have further verified this conclu-
sion with explicit Monte Carlo simulations for the case
of Advanced LIGO collocated detector pair. Note that
a similar Monte Carlo simulation was performed in the
context of the Einstein Telescope [40].
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FIG. 1: Number of binaries per 1 Hz frequency bin. For the
BNS cases we assume each star to have mass of 1.4 M⊙, local
rate of λ = 1 Mpc−3 Myr−1, and tmin = 20 Myr (P (td) ∼
1/t). For the BHNS case we assume masses of 1.4 M⊙ and 10
M⊙, the local rate λ = 0.03 Mpc
−3 Myr−1, and tmin = 100
Myr. For the BBH case we assume masses of 10 M⊙, and
tmin = 100 Myr.
3. RESULTS
We performed a systematic study of the GWB due to
binary coalescences, described in Section 2. In particular,
we performed a scan of the parameter space spanned by
the parameters λ andMc for each of the BNS, BBH, and
BHNS cases. We compare the model predictions for each
point in the parameter space with sensitivities of current
and future gravitational wave detectors, as well as with
the estimates of the local coalescence rates presented in
[38]. We also investigate the importance of the choice of
star formation rate and of the choice of the probability
distribution for the time delay between the formation of
a binary and its coalescence.
To start with, we investigate the redshift dependence
of the integrand in Equation 10 for different choices of
the star formation rate. More specifically, the integrand
3
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FIG. 2: Gravitational wave spectrum Ωgw(f) computed for
the BNS case with Mc = 1.22M⊙, λ = 3 × 10
−5M−1⊙ , star
formation rate from [32], and P (td) ∼ t
−1
d with tmin = 20 Myr.
The effect of removing the nearest binaries (with redshifts
z < 0.1 or z < 0.2) is very small.
can be written as:
I(z) =
RV (z)
E(ΩM,ΩΛ, z)(1 + z)1/3
. (13)
Figure 3 shows I(z) for five different choices of the star
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FIG. 3: I(z) for different star formation rates, assuming α =
−1 and tmin = 20 Myr.
formation rate. Since there are non-negligible differences
between these five estimates of the star formation rate,
we will present the results for the two extreme cases,
namely the Hopkins & Beacom [32] and Nagamine et al
[35]. In particular, we scan the parameter space in the
λ−Mc plane: for each point in this parameter space, we
compute Ωgw(f) and we compare it to the most recent
upper limit from LIGO [26] and to the projected sensi-
tivities for the second-generation (Advanced LIGO) and
the third-generation (Einstein Telescope) gravitational-
wave detectors. Figure 4 shows the results of the scan of
the λ − Mc plane for the two estimates of the star for-
mation rate and for the three binary coalescence cases:
BNS, BBH, and BHNS. For each of these cases, we ob-
serve that the latest GWB upper limit obtained using the
LIGO data [26] excludes the largest values of λ, which are
larger than the maximal expected local coalescence rates
[38]. However, the values of λ corresponding to the opti-
mistic and realistic (in the case of BNS and BHNS) local
coalescence rates will be accessible to the second gen-
eration network of gravitational wave detectors (assum-
ing standard Advanced LIGO expected strain sensitivity
[5, 6] for two collocated detectors with one year of expo-
sure). The values of λ corresponding to the pessimistic
local coalescence rates will be accessible to the third-
generation gravitational-wave detector network (assum-
ing ET-D strain sensitivity curve [11, 12] for two collo-
cated detectors and one year of exposure). In fact, the
binary coalescence GWB will be a foreground masking
the GWB background due to early-Universe sources (in-
flationary models [41, 42], or phase transitions models
[43]) which may be one of the targets of the third gener-
ation detectors. Hence, to detect the cosmological GWB
it will be necessary to identify and subtract all of the in-
spiral signals from all binaries in the frequency band of
the third generation detectors. This is a daunting task,
but appears to be plausible as demonstrated in [44] for
the framework of the Big Bang Observer satellite-based
detector [45]. These conclusions hold for all of the three
cases (BNS, BBH, and BHNS) and are rather weakly de-
pendent on the choice of the star formation rate (we have
verified that using the remaining three estimates of the
star formation rate [33, 34, 36] yields results roughly be-
tween those shown here for the Hopkins & Beacom [32]
and Nagamine et al [35]).
We also investigated the effect of different choices of
the probability distribution P (td). As noted above, the
population synthesis suggest P (td) ∼ t
α
d for td > tmin,
where tmin is the minimum delay time for a massive bi-
nary to evolve until coalescence. Since there is some un-
certainty in the parameters α and tmin, we will probe the
range of values of these parameters discussed in the lit-
erature. In particular, we examine α = −0.5,−1,−1.5,
tmin = 20, 100 Myr for BNS and tmin = 100, 500 Myr
for BBH, as well as the case when there is no time de-
lay between the formation and coalescence of the binary.
Figure 5 shows the variation in the contours for the sec-
ond and third generation detectors, for BNS and BBH
models, for several of the P (td) parametrizations. We
observe that the contours are rather insensitive to P (td),
varying by at most a factor of 2 in the λ parameter.
Hence, the choice of P (td) does not qualitatively affect
the conclusions of this study.
Finally, we note that for the case of BBH a similar
study was performed in [24] - they computed Advanced
LIGO and ET-D contours in the λ−Mc plane that were
substantially higher in λ (∼ 20× for Advanced LIGO).
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FIG. 4: Accessibility of binary coalescence GWB to current and future gravitational wave detectors. The two columns corre-
spond to two estimates of the star formation rate: Hopkins & Beacom [32] (left) and Nagamine et al [35] (right). The three
rows correspond to BNS, BBH, and BHNS respectively, top to bottom. For each plot we show the λ −Mc plane: the region
of the parameter space excluded by the S5 LIGO result [26], and the expected sensitivities of the Advanced LIGO collocated
detector pair (assuming 1 year of exposure [5, 6]), and of the Einstein Telescope (assuming two collocated detectors with ET-D
sensitivity and one year of exposure [11, 12]). These regions are to be compared with the expected local coalescence rates
shown as horizontal dashed lines: top-to-bottom they correspond to maximal, optimistic, realistic, and pessimistic estimates
presented in [38].
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These differences largely come from the different assump-
tions in detector sensitivity and exposure. For Advanced
LIGO they assumed a non-standard detector strain sen-
sitivity (this is the dominant cause of discrepancy), non-
collocated detectors, and 3 years of exposure - we assume
the standard strain sensitivity, collocated detectors, and
one year of exposure. For ET-D, they assumed the tri-
angular detector configuration (leading to the factor of
3/8 in overlap reduction), while we assumed L-shaped
interferometers.
4. CONCLUSIONS
In this paper we computed the gravitational wave back-
ground due to coalescences of binary neutron stars, bi-
nary black holes, and black hole - neutron star binaries,
following the approach of [19]. While such computations
have been done in the past, in this study we performed
a systematic scan of the parameter space, taking into
account the possible variations in the result due to the
choice of the star formation rate, and due to the choice
of the distribution P (td) of the delay time between the
formation and coalescence of the binary. For each point
in the parameter space, we compare the model prediction
to the expected sensitivities of the second and third gen-
eration gravitational-wave detector networks. We find
that models corresponding to the optimistic and realistic
(in the case of BNS and BHNS models) local coalescence
rates will be accessible to the second generation detec-
tor network. We also find that models corresponding to
the pessimistic local coalescence rates will be accessible
to the third-generation detector network. The binary
coalescence GWB will, in fact, be a foreground for the
third-generation detectors, and it will mask the GWB
background due to early-Universe sources. Accessing the
cosmological GWB with third generation detectors will
therefore require identification and subtraction of all in-
spiral signals from all binaries in the relevant frequency
band.
Acknowledgments: The authors thank C. Belczinski,
M. Dominik, and T. Bulik for informative discussions
about the probability distribution for delay time, P (td).
CW and VM were supported in part by NSF grant
PHY0758036.
[1] B. Abbott et al., Detector description and performance
for the first coincidence observations between LIGO and
GEO, Nucl. Instr. Meth. A 517, 154 (2004).
[2] B. Abbott et al, LIGO: The Laser Interferometer
Gravitational-Wave Observatory, Rep. Prog. Phys. 72
076901 (2009); arXiv:0711.3041.
[3] F. Acernese et al., Status of Virgo, Class. Quant. Grav.
25, 184001 (2008).
[4] T. Accadia et al., Status of the Virgo project, Class.
Quant. Grav. 28, 114002 (2011).
[5] Advanced LIGO Team, Advanced LIGO Reference De-
sign, LIGO preprint, (2007)
http://www.ligo.caltech.edu/docs/M/M060056-10.pdf.
[6] G.M. Harry (for the LIGO Scientific Collaboration), Ad-
vanced LIGO: the next generation of gravitational wave
detectors, Class. Quantum Grav. 27, 084006 (2010).
[7] https://wwwcascina.virgo.infn.it/advirgo/docs.html
[8] B. Willke et al, The GEO-HF project, Class. Quantum
Grav. 23, S207 (2006).
[9] T Uchiyama et al., Present status of large-scale cryo-
genic gravitational wave telescope, Class. Quant. Grav.
21, S1161 (2004).
[10] K. Kuroda (on behalf of the LCGT Collaboration), Sta-
tus of LCGT, Class. Quantum Grav 27, 084004 (2010).
[11] Einstein Telescope: http://www.et-gw.eu/.
[12] M. Punturo et al, The third generation of gravitational
wave observatories and their science reach, Class. Quant.
Grav. 27, 084007 (2010).
[13] P. Ajith et al., A phenomenological template family for
black-hole coalescence waveforms, Class. Quantum Grav.
24, S689 (2007); P. Ajith et al. Template bank for grav-
itational waveforms from coalescing binary black holes:
Nonspinning binaries, Phys. Rev. D 77, 104017 (2008);
A. Buonanno et al., Approaching faithful templates for
nonspinning binary black holes using the effective-one-
body approach, Phys. Rev. D 76, 104049 (2007); Y. Pan et
al., Data-analysis driven comparison of analytic and nu-
merical coalescing binary waveforms: Nonspinning case,
Phys. Rev. D 77, 024014 (2008); L. Santamaria et al.,
Matching post-Newtonian and numerical relativity wave-
forms: Systematic errors and a new phenomenological
model for nonprecessing black hole binaries, Phys. Rev.
D 82, 064016 (2010).
[14] F. Pretorius, Evolution of binary black hole spacetimes,
Phys. Rev. Lett. 95, 121101 (2005); M. Campanelli,
C. Lousto, P. Marronetti, and Y. Zlochower, Accurate
evolutions of orbiting black-hole binaries without exci-
sion, Phys. Rev. Lett. 96, 111101 (2006); M. Hannam,
Status of black-hole-binary simulations for gravitational-
wave detection, arXiv:0901.2931 (2009).
[15] J. Abadie et al, Search for Gravitational Waves from
Compact Binary Coalescence in LIGO and Virgo Data
from S5 and VSR1, Phys. Rev. D 82, 102001 (2010).
[16] J. Abadie et al, Search for gravitational-wave inspiral
signals associated with short Gamma-Ray Bursts during
LIGO’s fifth and Virgo’s first science run, Astrophys. J.
715, 1453 (2010).
[17] J. Abadie et al, Search for Gravitational Waves from
Low Mass Compact Binary Coalescence in 186 Days of
LIGO’s fifth Science Run, Phys. Rev. D 80, 047101
(2009).
[18] T. Regimbau and J.A. de Freitas Pacheco, Stochastic
Background from Coalescences of Neutron Star-Neutron
Star Binaries, Astrop. J. 642, 455 (2006).
[19] T. Regimbau and V. Mandic, Astrophysical sources of
stochastic gravitational-wave background, Class. Quan-
tum Grav. 25, 184018 (2008) ; arXiv:0806.2794 (revised
version)
[20] T. Regimbau and B. Chauvineau, A stochastic back-
ground from extra-galactic double neutron stars, Class.
Quantum Grav. 24, 627 (2007).
[21] T. Regimbau, The astrophysical gravitational wave
6
1 1.2 1.4 1.6 1.8 2 2.2 2.40
2
4
6
8 x 10
−5 AdvLIGO Contours for BNS
M
c
 ( M
solar)
λ 
( M
so
la
r
−
1
)
 
 
α = −0.5, t
min = 20 Myr
α = −1.0, t
min = 20 Myr
α = −1.5, t
min = 20 Myr
α = −1.0, t
min = 100 Myr
No Time Delay
1 1.2 1.4 1.6 1.8 2 2.2 2.40
1
2
3
4 x 10
−7 Einstein Telescope Contours for BNS
M
c
 ( M
solar)
λ 
( M
so
la
r
−
1
)
 
 
α = −0.5, t
min = 20 Myr
α = −1.0, t
min = 20 Myr
α = −1.5, t
min = 20 Myr
α = −1.0, t
min = 100 Myr
No Time Delay
2.5 4 6 8 10 12 14 16 18 2010
−7
10−6
10−5
AdvLIGO Contours for BBH
M
c
 ( M
solar)
λ 
( M
so
la
r
−
1
)
 
 
α = −0.5, t
min = 100 Myr
α = −1.0, t
min = 100 Myr
α = −1.5, t
min = 100 Myr
α = −1.0, t
min = 500 Myr
No Time Delay
2.5 4 6 8 10 12 14 16 18 2010
−9
10−8
10−7
Einstein Telescope Contours for BBH
M
c
 ( M
solar)
λ 
( M
so
la
r
−
1
)
 
 
α = −0.5, t
min = 100 Myr
α = −1.0, t
min = 100 Myr
α = −1.5, t
min = 100 Myr
α = −1.0, t
min = 500 Myr
No Time Delay
FIG. 5: Effect of different P (td) choices on the contours for Advanced LIGO (first column) and ET (second column) for the BNS
(first row) and BBH (second row). Dashed horizonal lines correspond to realistic estimate (upper-left), optimistic and realistic
estimates (lower-left), and pessimistic estimate (lower-right). In the upper-right plot, all contours are below the pessimistic
estimate.
stochastic background , Res. Astr. Astrop. 11, 369 (2011)
; arXiv:1101.2762 (revised version)
[22] P.A. Rosado, Gravitational wave background from bi-
nary systems, Phys. Rev. D 84, 084004 (2011);
arXiv:1106.5795.
[23] S. Marassi et al., Gravitational wave background from bi-
nary systems; arXiv:1104.2044.
[24] X.-J. Zhu et al, Stochastic Gravitational Wave Back-
ground from Coalescing Binary Black Holes, Astrophys.
J. 739, 86 (2011); arXiv:1104.3565 (2011).
[25] B. Allen and J. Romano, Detecting a stochastic back-
ground of gravitational radiation: Signal processing
strategies and sensitivities, Phys. Rev. D 59, 102001
(1999); gr-qc/9710117.
[26] B. Abbott et al., An Upper Limit on the Amplitude of
Stochastic Gravitational-Wave Background of Cosmolog-
ical Origin, Nature 460, 990 (2009).
[27] B. Abbott et al, Upper Limits on a Stochastic Back-
ground of Gravitational Waves, Phys. Rev. Lett. 95,
221101 (2005); astro-ph/0507254.
[28] B. Abbott et al., Searching for a Stochastic Background
of Gravitational Waves with LIGO, Astrophys J. 659,
918 (2007); astro-ph/0608606.
[29] K. Belczynski, V. Kalogera, and T. Bulik, A Comprehen-
sive Study of Binary Compact Objects as Gravitational
Wave Sources: Evolutionary Channels, Rates, and Phys-
ical Properties, Astrop. J. 572, 407 (2002); K.A. Postnov,
and L.R. Yungelson, The Evolution of Compact Binary
Star Systems, Liv. Rev. Rel. 9, 6 (2006).
[30] M. Dominik et al., in preparation (2011).
[31] S. Ando, Short gamma-ray bursts as a possible probe of
binary neutron star mergers, J. Cosm. Astrop. Phys. 06,
007 (2004); T. Bulik private communication.
[32] A.M. Hopkins and J. Beacom, On the Normalization of
the Cosmic Star Formation History, Astrop. J. 651, 142
(2006).
[33] M.A. Fardal et al., On the Evolutionary History of Stars
and their Fossil Mass and Light, Mon. Not. Roy. Astron.
Soc. 379, 985 (2007).
[34] S.M. Wilkins, N. Trentham, and A.M. Hopkins, The Evo-
lution of Stellar Mass Density and its Implied Star For-
mation History, arXiv:0803.4024, (2008).
[35] K. Nagamine et al., The History of Cosmological Star
Formation: Three Independent Approaches and a Critical
7
Test Using the Extragalactic Background Light, Astrop.
J. 653, 881 (2006).
[36] L. Hernquist and V. Springel, An analytical model for the
history of cosmic star formation, Mon. Not. Roy. Astron.
Soc. 341, 1253 (2003).
[37] T. Regimbau and S.A. Hughes, Gravitational-wave con-
fusion background from cosmological compact binaries:
Implications for future terrestrial detectors, Phys. Rev.
D 79, 062002 (2009).
[38] J. Abadie et al, Predictions for the Rates of Com-
pact Binary Coalescences Observable by Ground-based
Gravitational-wave Detectors, Class. Quantum Grav. 27,
173001 (2010).
[39] D. Coward and T. Regimbau, Detection regimes of the
cosmological gravitational wave background from astro-
physical sources, New Astr. Rev. 50, 461 (2006).
[40] T. Regimbau et al, A Mock Data Challenge for the pro-
posed Einstein Gravitational-Wave Telescope, in prepa-
ration (2011).
[41] A.A. Starobinskii, Spectrum of relict gravitational radia-
tion and the early state of the universe, JETP Lett. 30,
682 (1979).
[42] R. Bar-Kana, Limits on direct detection of gravitational
waves, Phys. Rev. D 50, 1157 (1994).
[43] Apreda, R. et al, Gravitational waves from electroweak
phase transitions, Nucl. Phys. B 631, 342-368 (2002).
[44] C. Cutler and J. Harms, BBO and the Neutron-Star-
Binary Subtraction Problem, Phys. Rev. D 73, 042001
(2006).
[45] E. S. Phinney et al., The Big Bang Observer: direct detec-
tion of gravitational waves from the birth of the universe
to the present, NASA Mission Concept Study (2004);
G. M. Harry et al., Laser interferometry for the Big
Bang ObserverBig Band Observer, Class. Quant. Grav.
23, 4887 (2006). hep-th/0312067.
8
